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INTRODUCTION

Magnetic cleaning of coals has been studied in the pastl by passing coal
particles - usually pre-treated - suspended in air streams through conven-
tional magnetic separators. The work reported here2 is a systematic attempt

at using high gradient magnetic separation techniques in coal slurries3.

OBJECTIVES

There is a worldwide demand for new coal cleaning processes. This demand
stems from the following: (i) upgrading of local coal reserves, mainly in

developing countries; (ii) air pollution abatement, mostly of SO, and fly

2
ash, in developed countries (the U.S. in particular); and (iii) preparation
of raw materials for coal gasification and liquefaction, mainly in the
United States. In response to this demand the work described here was con-
ducted with the following objectives: '

(1) Determine the technical and economic feasibility of using magnetic
technology in coal cleaning. Brazilian coal from the Sideropolis field (30%

mineral matter and 2-3% sulfur mainly pyritic) was used as a case example.

(ii) Study the fundamentel principles of magnetic separation.

¥Speaker, Present Address: Arthur D. Little Limitada, Rua Macedo Sobrinho,
48-2¢-02, Caixa Postal 9041, Rio de Janeiro, GB, Brasil.
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PRINCIPLES OF MAGNETIC DESULFURIZATION OF COAL SLURRIES
The rationale for magnetic removal of minerals from coal is based on the
magnetic susceptidility of itg components. In 10"6 CGS units, the values
are: orgenic material, -0.4 to -0.8; shales, 39 to 45; kaolins, 20 to 39;
sulfides, 0.3 to 120; carbonates, ~0.4 to 100; chlorides, -0.9 to -1.3;
accessory minerals, of minor importance, -1.2 to 20. These values indicate
a limitation on the removable amounts, for(not all of the minerals are
paramagnetic, Unfortunately, in meny coals the minerals are intimately mixed
with the coal substance, and grinding to fine sizes is the required prior to
sepa?ation in order to maximize differences in magnetic susceptibility. 1In
coal cleaning we are usually dealing with the removal of peramagnetics
(pyrites and a fraction of the other minerals) from the coal matter (largely
dianagnetic).

The trensletional force - attractive or repulsive - alonz a given di-
rection on a small particle of & non-ferromagnetic material inmersed in a
magnetic field is given by

F.o= X .V.H (an/ax) (1)

where Fm is the magnetic'rorce acting on the particle in the x direction,

X is the volume susceptibility of the particle, V is the particle
volume, X V is magnetization, and H is the total magnetic field acting on
the particle in the x direction. The relatively recent availability of much
larger magnetic fields and field gradients has permitted‘extension of use of
magnetic separation beyond highly magnetic materials, i.e., ferromagnetics,

to mixtures of paramagnetic and diamagnetic substances.

The basic principle of magnetic separation is then the development of

a megnetic force - attractive or repulsive - as particles with different
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susceptibilities enter the reach of a magnetic field. Depending upon the
geometry and the design of the separator, and the nature of the medium carry-
ing the particles to be separated, forces arise - particle weight, buoyency,

and drag by the fluid carrying the particles, etc. — which oppose the separation

Inspection of Equation 1 suggests the important magnetic characteristics
vhich a separator design should provide, namely an intense field strength
and a large field gradient. Both should cover the largest possible volume

to increase the capacity of the separator.

Consider a separator which consists of a packed column, inserted verti-
cally in the bore of a solenoid magnet. The packing, a filamentary ferro-
magnetic material (stainless steel wool or a steel wire screen),is the
source 6f the field gradient and holds magnetically captured particles. Our
simpiified model considers an isolated strand of steel wool taken as a
cylindrical wire of uniform cross section {(e.g. 1001 in diameter), inserted
horizontally in a volume (e.g. the bore cf a Bitter solenoid magnet ), where
the magnet field is uniformly verticle. The pyrite particles - ranging in
size from 0 to 600y - are carried in the water slurry flowing past the strand.
The capture of a pyrite particle by the strand depends on the ratio R of -
the magnetic force to the opposing forces (net weight, W, and the hydrodyna-

mic drag force, Fd) acting on the particle :

R=3 sz = JLHVE é‘deX) (2)
a a

The expression for the magnetic force depends on the applied field, the
magnetic properties of the materials, and the system geometry. It is, in
all cases, a function of the center-to-center distance between the particle

and the magnetized strand, and of the angular position of the particle
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with respect to the strand. The expression for F, varies with the flow regime,

d
i.e. with the particle Reynolds number, and also with the pvarticle shape.
The net weight depends cn the volume of the particle, its density and the

density of the liquid.

A mathemzticel model based on the above forces was developed to simulate
the effect ¢f the principsd independent variables on the probability of cap-
ture of mineral particles, as measured by the value of R. The magnetic field
was 20 kOe, the source of ficld gradient was a cylindrical stecl strand of
100 microns in dismeter, and only pyrite particles (susceptibility equal to

25 x 10-6 emu/gm) were considered.

Figure 1 shows the effect of particle size on R fof different slurry
velocities (Vs). The curves indicate that there is an optimum particle si:e
for which the probability of capture recaches a maximum. The effect of the
slurry velocity is shown by the flattening of the curves as the velocity
increcases. In all cases the drag force predominetes over the magnetic force
for small particlies where the particle weight is negligible. For large sizes
the net weight is the most important force. For intermediate sizes éhe mag-

netic force is relatively more important.
APPARATUS AND PROCEDURES

The schematic of the apparatus used in this work is shown in Figure 2 and
described elsewhere>. Pre-wasﬁed coal - 25.4 to 0.6 mm top size - was ground
to_O.hZ to 0.04k mm top size. Slurries were prepared by mixing known amounts
of coal, of known size distribution, water, and for the finer sizes, a wet-
ting agent. The slurry was passed once through the separator, essentially

a packed column inserted in the bore of a solenoid magnet. The pacxing con-

sisted of magnetic stainless steel wool or screens at packing densities
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ranging between 1 and 13 volume percent. The materials retained (mags), and
the materials passed through (tails) were analyzed fof total ash content and
sulfur. Organic sulfur was estimated by the differences between total sulfur
and pyritic plﬁs sulfate sulfur. In a few cases the magnetizationsof the coal
minerals in the original coal, tails and mags were measured. Recoveries
(total, ash, sulfur, etc) are always defined with respect to the total amounts

present in the original coal.

EXPERIMENTAL RESULTS
Evidence of Magnetic Separation
The magnetization curves of the coal minerals in the products of magnetic
separation provide evidence of magngtic action. The coal minerals were
obtained by low temperature ashing (LTA), in which the coal substance is
slowly combusted at 150 C, leaving behind the unaltered mineralsh. The
measurements employed Foner's vibrating-sample magﬂetometers. As shown in
Figure 3 at a field of 15 kOe the magnetization of the LTA éf the "tails"
is 30 times smaller than the LTA of the "mags", indicating the removal of
minerals with higher susceptibility from the original coal and their con-

centration in the "mags".

Typical Result

A typical result of a laboratory test of megnetic separation of coal is shown
below. The void volume of the packing was 95%, the field intensity was

20 kOe, the slurry concentration was 2.5%; the top particle size was bit mi-
crons and the slurry velocity was 2.0 cm/sec. The recovered product con-
stituted 80% of the feed and contained only 0.81% sulfur as opposed to 1.32%
sulfur in the feed. In a practical situation the "mags” could be further

processed to improve the product yield.
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FEED BASE = 100 /
27. % Ash 1
1.32 % Total Sulfur
0.66 % Pyritic Sulfur !
TAILS RECOVERY = 80.8 )
2h, % Ash '
0.81 % Total Sulfur
0.2h % Pyritic Sulfur
MAGS RECOVERY = 1k
38.9 % Ash ,
2,52 § Total Sulfur !
2.01 7 Pyritie Sulfur

Effect of the Independent Variables

The experimental results confirmed the force balence model with respect to
the effeets of particle size and slurry velocity. One of the important pre- ’/
dictions of the model is that there should be a given partiele size for which

R reaches a maximum. Consequently we would expect that the sulfur concen- i
tration, and the sulfur recovery in the mags would peak at the same dizmeter,
if pyrites are the dominant form of sulfur, and if they are sufficientl

liberated.

In a series of runs coal was sieved to produce narrow particle
size distributions wvhich gave approximately monodisperse slurries when sus-
pended in water. The following size ranges were obtained: (i) below Lby,
(1) bb-53p, (i11) 53-63u, (iv) 63-Thy, (v) Th-105u, (vi) 105-17Tu, end
(vii) 177~420p. Steel screens vere used as packing (91% void). The slurry
concentration was 2.6 gm/100 ml and the linear velocity ranged betwean 2.3
and 2.6 cm/sec. The applied mognetic field was kept constant at 20 kOe.

Figure 4 shows the effect of particle size on sulfur recovery in mags.
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Analysis of the forms of sulfur for the maximum point showed that pyritie

sulfur accounted for most of the total sulfur in mags.

According to the model, R should decrease as the slurry velocity increases.
Consequently "mags" recovery should decrease, sulfur concentration in the
mags should increase because the particles of higher susceptibility (pyrites)
should constitute a majority of those retained. All these predictions vere

.confirmed experimentally. .

ECONOMIC ANALYSIS
A practical scheme of magnetic separation applied to coal beneficiation would
be based upon the same concepts described here but the operation would be
carried out in large capacity continuous equipment. In one possible situa-
tion the separator packing would mo?e'in and out of a magnetic field region
to allow for continuous washing of the packing to remove trapped materials.
The slurry fed to the sepasrator vﬁuld always find a clean packing. A con-
tinuous device of this type has been developed for use in beneficiating

taconite ore vhich resembles, geometrically, & 'carousel' slide projector.
Tsble 1 summarizes the results of a preliminary economic analysis of a

ragnetic separator for coal cleening, based on experimental results. Top
particle size was 28 mesh, field intensity was 20 kOe and slurry velocity was
4.0 cm/sec in a once through operation. We tested the sensitivity of the
processing costs to changes in the cost of pover, depreciation time, ete.

The estimated processing costs fell into a range of 30 to 63 cents per ton

of coal produced. This range compares favoraebly with conventional benefi-

clation technigues.
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TABLE I

COSTS OF MAGKETIC DESULFURIZATION OF COALS

Typical Case
field

size distribution

once through operation

20 kOe
28 mesh x O

Feed{=100) Product (tails) (=72)
Ash § 30.1 21.9
Sulfur # 1.80 1.80
Plant Characteristics
Base Case Alternatives
Investment, 103 $ 6480 6480 - 12960
Operational Capacity, 103 t/yr 7920 2640 - 7920
Number of units (3.6 m” each) 8 8 16
Depreciation time, yrs 20 10 20
Power costs, mills/kwhr 10 10 20
Processing Costs, cents/ton cozl FOB Plant
Bagse Case Alternatives
Indirect Costs 9.2 9.2 27.9
Direct Costs 12.5 12.5 - 18.9
Total Costs
Coal Fed 21.7 25.8 « L5.5
Coal Produced 30.1 35.8 -~ 63.2
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CONCLUSIONS AND RECOMMENDATIONS

The principal conclusions of this study are summarized below.

o The magnetic cleaning of coals can remove practically all the
liberated pyritic sulfur and a portion of the other minerals.

o The experimental results can be predicted or interpreted, at
least qualitatively, by the proposed model.

o The experimental work has confirmed the importance of the key
independent variables: particle size and liberation; slurry
velocity; field intensity and packing characteristics.

With regard to the process economics, the following points are important:

- magnetic separation is a capital intensive operation;
- without superconducting magnets the operation is sensitive to the

cost of power;

- grinding costs were not included because, although fine grinding
increases liberation, the probability of magnetic capture is
diminished, according to the model;

- the process looks commercially feasible.

Recommendations for future research include:

o enhancement of the susceptibility of the materials to be separated,
probably by changes in the nature of the particle surface;

¢ study of additional coels to characterize their behavior;

e study of the capacity and performance of systems of separators with
mags recycle;

e coupling of magnetic separation with conventional coal cleaning
schemes;

e use of air laden with coal;

e fundamental studies including:
- magnetic separation visualization

- use of systems simpler than coal slurries
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- magneto-chemistry of the pyrite system
- quantitative modelling,i.e. development of a magnetic

adsorption theory
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Figure 1.

Figure 2.

Figure 3.

Figure bL.
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CAPTIONS TO ILLUSTRATIONS
Effect of particle size and slurry velocity on ratio of
magnetic force to drag force plus net particle weight
as indicated by simple model (slurry velocity, em/sec:
(a) 0.1; (v) 1.0; (c) 2.0)

Schematic Arrangement of Equipment

Observed effect of magnetic field on magnetization
(m, mags; £, feed; t, tails)

Observed effect of particle size on sulfur recovery in mags
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